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Bessel-Gauss beams offer an extended depth of field in the focus as compared to conventional Gaussian beams. Furthermore, the radial polarization provides for many intriguing physical effects and applications the ability to [1] , mapping of the orientations of single molecules in three dimensions [2] , and (c) vacuum laser acceleration of electrons [3] .
In this contribution, we derive solutions for radially polarized Bessel-Gauss beams by superposing decentered Gaussian beams with linear polarization states. The superposition results in expressions for the propagation of radially polarized Bessel-Gauss beams through ABCD optical systems hitherto not reported -to the best of our knowledge. We find these expressions useful for the setup of optical systems using radially polarized beams. We confirm our expression through an experiment based on a fiber mode-converter. Fig. 1 (a) illustrates the superimposition of decentered Gaussian component beams, with linear polarization states, to form radially polarized Bessel-Gauss beams. The beam centers of the component beams are placed on a circle with radius r d0 in the x-y plane and their beam directions point to the apex of a cone with a semi-aperture angle ε 0 [4] . The advantage of this approach is that the transformation of the decentered Gaussian component beams in ABCD optical systems is known. Specifically, these beams follow the trajectories of meridional rays, and their Gaussian beam parameters transform like that of conventional Gaussian beams. At the end of the propagation through the ABCD optical system, the decentered Gaussians can be superposed to form the radially polarized Bessel-Gauss beams. The radially polarized Bessel-Gauss beam at the final stage of the ABCD optical systems is expressed as (1) where r d is the final circle radius , ε is the final semiaperture angle, and ψ is a z-dependent phase-shift, q is the Gaussian beam parameter and φ is the Gouy phase. These parameters are related to the initial ones via the components of the ABCD ray matrix of the optical system:
978-1-55752-973-2/13/$31.00 ©2013 Optical Society of America Fig. 1 (b) illustrates the solution for a radially polarized Bessel-Gauss beam for the case of free-space propagation.
The near-field is described by (r d0 =0, ε 0 = 0.45°, waist w 0 = 1 mm, λ=1050nm -corresponding to the experimental configuration) and the far-field is evaluated at z=0.3 m. It can be seen that the transverse field of the near field lacks on-axis intensity -this is unlike the case of a Bessel-Gauss beam with linear polarization.
To experimentally confirm the form of the solution, we employ a fiber-based approach to produce radially polarized light. The output of a fiber-pigtailed laser diode (λ=1050nm) is launched into a mode converter (in form of a longperiod grating) that is inscribed in a specialty optical fiber [5] . The output of the fiber is a radially polarized TM01 mode exhibiting a ring-like mode shape. On the backside of an axicon (fused silica, base angle 1°), the ring mode is magnified to a radius of ~2.3mm with the annulus showing a waist of ~1mm. The axicon produces a phase such that the ring beam conically converges to an on-axis crossing point. At the corresponding plane we observe the radially polarized Bessel-Gauss beam with a camera, as shown in Fig.2 (b) . It is noteworthy that the ring-shaped radially polarized mode avoids the round tip of the axicon. Under conventional Gaussian-like illumination of an axicon, this round axicon tip causes unwanted interference effects. We completely eliminate these effects by using ring beam excitation. Therefore, the present approach results in high-quality Bessel-Gauss beam generation, as can be seen in Fig.2 (b) , which compares experimental to the theoretical expression (Eq.1). In conclusion, we obtained expressions for radially polarized Bessel-Gauss beams in ABCD optical systems. The form of the solution is experimentally verified by employing a fiber-based mode-converter. The expressions are useful for the design of optical systems for radially polarized Bessel-Gauss beams. The concept can be extended to describe more general beam-shapes, such as the output of recently demonstrated of fiber-laser arrays [6] . The expressions herein are paraxial and the ramifications for high N.A. focusing systems will be discussed. Other applications of the analysis include system design for vacuum electron acceleration, imaging, and manipulation and probing of micro particles.
